In some inherited metabolic diseases, analysis of cerebrospinal fluid (CSF) is more suited than other body fluids to find an abnormal metabolite concentra tion that may lead to a particular diagnosis.5 Nonke totic hyperglycinemia may serve as an example for which measurement of glycine in CSF is absolutely essential for diagnosis (1). Furthermore, derange ments of organic acid concentrations in CSF may occur independently of the systemic metabolism (2-4). Thus, analysis of metabolites in CSF may be important in the diagnosis and follow-up of patients with inherited neurometabolic disease.
pretreatment is simple and no derivatization is re quired. Few data on CSF based on 300-600-MHz 1H-NMR spectrometers have been presented in the literature (2, (5) (6) (7) (8) . Mainly adult patients with various clinical conditions such as diabetes, vascular disease, tumors, infectious disease, intoxication, trauma, mul tiple sclerosis, Huntington chorea, or neurofibrosis have been studied (2, 5-7, 9). But no systematic data are available on patients with neurometabolic diseases or inherited metabolic diseases affecting the nervous system. We have developed a standardized and sensi tive assay for this purpose, making use of a 600-MHz spectrometer.
Patients and Methods

Sample Pretreatment
CSF samples were centrifuged for cell separation (650g, 5 min) within 1 h after lumbar puncture and stored at -80°C until analysis. Samples contained normal amounts of bilirubin and hemoglobin. For deproteinization, samples were centrifuged (3000g, 2 h) over a filter (Microsep no. ODOXOC45, membrane type omega, molec ular mass cutoff 10 kDa; Filtron, Northborough, MA). The protein concentration in normal CSF is rather low (<0.5 g/L). Although the presence of protein introduces broad resonances in a limited range (0.8-1.0 ppm), its interaction with the internal standard trimethylsilyl-2,2,3,3-tetradeuteropropionic acid (TSP) may adversely affect quantification (10, 11) . Therefore, all samples were deproteinized.
To avoid contamination of the ultrafiltrate with glycerol, we cleaned the filters by passing 6 mL of 0.05 mol/L NaOH and 6 mL of distilled water through them before use. The sample (2 mL) was passed through this filter and the ultrafiltrate was subsequently evapo rated in an automatic concentrator (AS290 automatic Speed vac concentrator; Savant Instruments, Farmingdale, NY). After reconstituting the remainder in 0.5 mL of H20 , we carefully adjusted the pH to 2.50 ± 0.10 (glass electrode/room temperature) and again removed the solvent with the automatic concentrator. The sam ple was redissolved in freshly prepared DaO (0.5 mL) with TSP (sodium salt; Merck, Darmstadt, Germany) as a chemical shift reference calibrator, to a final concentration of 0.812 mmol/L TSP. Routinely, we concentrated samples fourfold. However, depending on the available sample volume, the concentration factor was varied between 1 and 4 in this study.
Karlsruhe, Germany) spectrometer at 298°Kby using a 60° radio frequency pulse and a 12-s pulse repetition time with 132 averages. The carrier frequency was set at the residual H20 resonance. Sample volume in the NMR spectrometer was standardized at 400 /¿L. Shim ming of the sample was judged to be adequate when the 29S i-1H long-range coupling of 3 Hz in the TSP reso nance could be resolved. The average full width at half-maximum peak height for the TSP resonance is 0.71 Hz (range in 15 samples: 0.48-1.03). The result of the shimming of CSF samples was such that the 1.3-Hz J-coupling of the j3C2-glucose resonance at 3.23 ppm could be observed. The resonance of residual H20 was suppressed by low-power continuous-wave presatura tion during the relaxation delay. The diagnosis in these patients was established on the basis of clinical features and biochemically by GC-MS (cases a and b) and amino acid analysis in blood and urine (case c). Further confirmation was obtained by enzymatic analysis in fibroblasts (cases a and 6).
Results
Tn Measurements
The delay between excitation pulses should be long enough to allow sufficient relaxation. Therefore, we estimated Tx-values on a CSF sample under the condi tions used in this study (fourfold concentration, D20 Figure 1 shows the NMR spectrum of a 3.2-fold concentrated normal CSF sample. Resonances in the CSF spectra are further explained in Table 1 (15) . Taking into account the compound to the CSF samples during the NMR measensitivity of the NMR technique, we thus obtained surements were used to confirm the identity of the several candidates for unassigned resonances. This compound. Quantitative NMR data on these metaboresulted in resonance assignments for 2-hydroxyisovalites were in the same ranges as described elsewhere 12,14,15 ). From our studies on patients with inher ited metabolic disease we were able to make seven new
Quantitative Analysis by NMR vs Conventional Techniques
The m ethyl-group doublet resonance of alanine, vaassignments, which were confirmed by GC-MS analysis Hne, threonine, and lactic acid was used for correlation of the samples: sarcosine, 5,6-dihydrothymine, 5,6-dihystudies with conventional techniques (x) ( 
Sensitivity and Detection Limit
We estimated the detection limit for the methylwas observed in 40% of the CSF samples but in only 8% group doublet of threonine as 10 ^mol/L on the 600-of the plasma samples (16) . From four patients that MHz spectrometer, assuming a signal/noise ratio >3. had this resonance in CSF we measured a plasma The sensitivity of the technique for other nonvolatile sample that was obtained within 1 h of the lumbar metabolites depends on the number of equivalent pro puncture. The 1.17-ppm triplet was not present in tons that contribute to the resonance and on the these four plasma samples. Similarly, the 5.42-ppm multiplicity of the resonance. These data, which can be doublet resonance was not observed in plasma samples calculated from the detection limit for threonine (16), in our earlier study (16) but occurred in 55% of our CSF samples. 
varied for different metabolites between 2 and 40 /xmol/L (16).
Volatile Compounds and NMR-invisible Compounds
Because of the evaporation step, volatile components can remain unobserved under the conditions described here. To study this, we measured CSF samples both in D20 and in H20 (without the evaporation step). The concentrations of acetone, acetoacetic acid, formic acid, and the unassigned triplet at 1.17 ppm were clearly influenced by the evaporation step. Other resonances were essentially unaffected by this procedure. Of course, an exchange of a proton with deuterium as described for methylmalonic acid may be another rea son why a resonance of a compound becomes invisible under the conditions used (16) . 
m m t m m v n t a
Inherited Metabolic Disease
A major advantage of NMR spectroscopy is the overAs examples of the diagnostic power of the technique, all view of the metabolic profile of the body fluid under g. 2 shows relevant parts of spectra from CSF samples study. This may lead to unexpected findings, as illuspatients with isolated 3-methylcrotonyl-CoA carboxy-trated by the example of the patient with Canavan se deficiency, Canavan disease, and histidinemia. disease. Apart from A^-acetylaspartic acid, which was 2) The two resonances had the expected area ratio for 3-hydroxyisovaleric acid.
3) The diagnosis in our patient was confirmed by enzymatic analysis so there remained no doubt about the diagnosis. GC-MS studies have well established that 3-hydroxyisovaleric acid is the major abnormal metabolite in CSF in this disease (20) .
Reliable quantification of 3-hydroxyisovaleric acid might be relevant, given suggestions that it may have a specifically harmful effect on the brain (20) . 3-Hydroxyisovaleric acid may also be present in plasma, but there the 1.33-ppm singlet resonance is obscured by the threonine doublet. Because the concentration of threo nine in plasma is much higher than in CSF, the two compounds cannot be separated in plasma under the conditions used in our study (16) .
Volatile organic acids such as acetic acid and formic acid will escape detection because of the evaporation step necessary to replace H20 by D20 . Still, the char acteristic acetic acid resonance was present in many of the samples, perhaps through contamination of the samples by acetic acid present in disposable pipette tips (10) . This may also have interfered in the NMR study of Commodari et al., which gives a reference range for acetic acid between 0.05 and 4.5 mmol/L (2). In several samples (40%) we found a singlet resonance at 8.25 ppm, the resonance position of formic acid (Fig.  2C) . Formic acid in CSF was described in the NMR studies of Bell et al. Several sugars and polyols are known to occur in CSF in rather high concentrations (14), e.g., mannose, fruc tose, sorbitol, and 1,5-anhydroglucitol. These compounds were not reported in earlier NMR studies of CSF. Detec tion of these compounds is complicated by the presence of the many high resonances of glucose that obscure the spectral region between 3.30 and 3.95 ppm. Under the conditions used in our study we were not able to detect sorbitol, but mannose, fructose, and 1,5-anhydroglucitol could be demonstrated in the spectra. A reliable percent age of occurrence cannot be given for the latter two, however, because of overlapping glucose resonances in many of the samples. We observed the mannose doublet with its characteristic 1.85-Hz J-coupling in 33% of the CSF samples. The highest concentration seen was 35 /xmol/L.
We found 16 as-yet-unassigned resonances in the CSF. Some of these may be caused by the medication given to the patient; however, because many of these unknowns occur in a high percentage of the samples, this explanation does not seem very likely. Some un knowns were also found in plasma samples (16) and may have reached the CSF from the blood (singlets: 1.56, 1.58, 3.14, 8.25 ppm; doublet: 1.11 ppm) . The doublet resonance at 5.42 ppm and the triplet reso nances at 1.08 and 1.17 ppm were seen in 40-65% of Table 1 can be used as a model compound database for CSF. Because the relevant conditions in this study equal those of Lehnert and Hunkier (18) and of our earlier study on plasma (16) , an important reference set of assigned and unassigned resonances can be developed. This model compound database may be used in future studies and, we expect, may also be applicable to cases of other body fluids or cellular extracts. In our experience, these data can be reproduced by others, thus providing a powerful tool for metabolic work.
Unlike plasma, CSF has a poor buffering capacity. Upon standing, 0 2 and C02 equilibrate with the air, and within hours the pH of the sample steadily in creases to values of 7.8 and higher (25) . Sweatman et al. have observed small but consistent chemical shift differences after freeze-drying and reconstitution (8) .
